Abstract Old World Bluestems (OWB), introduced from Europe and Asia in the 1920s, recently have begun to raise concerns in the Great Plains. Despite suggestion in the late 1950s that OWB were weedy and negatively impacted biological diversity, they were widely introduced throughout the Great Plains for agricultural purposes. Anecdotal evidence suggests that OWB exhibit invasive characteristics that promote competitive exclusion of native species. The objective of our study was to quantify the competitive abilities of two OWB species (Caucasian bluestem; Bothriochloa bladhii (Retz.) S.T. Blake (= Bothriochloa caucasica (Trin.) C.E. Hubb.) and yellow bluestem; Bothriochloa ischaemum (L.) Keng) with three native grass species (big bluestem (Andropogon gerardii Vitman), little bluestem (Schizachyrium scoparium (Michx.) Nash), and sideoats grama (Bouteloua curtipendula (Michx.) Torr.)). A greenhouse target-neighbor study was conducted to assess both interspecific and intraspecific competition. A total of 480 pots (4.4 l) filled with native soil was used with all pair-wise combinations of species and four density treatments (six replications). Vegetative tiller height, above-and belowground biomass were measured at the end of 16 weeks. Both of the OWB significantly inhibited at least one growth parameter of the three native grass species, while most of the native species did not inhibit growth of either OWB species. Growth of B. ischaemum was enhanced when grown in association with S. scoparium. Based upon the results of our study of OWB competitive superiority and previous research, many of the characteristics possessed by OWB are found to be in common with known invasive species. Hence, we propose that two OWB are competitively superior to three common native prairie species providing them with the ability to invade and threaten the native grasslands of the Central and Southern Great Plains.
approximately 83% (i.e., from 6.9 to 1.2 million ha; Samson and Knopf 1994) . A further threat to these native plant communities is the accidental and deliberate introductions of non-native species (Smith and Knapp 1999; Grace et al. 2002) . Approximately 60 non-native grass, forb, and woody plant species have been identified as causing concern in the central grasslands (Grace et al. 2002) .
Old World Bluestems (OWB; Bothriochloa spp.) are one group of non-native, perennial, warm-season grasses that have begun to raise concerns in the central and southern Great Plains (Smith and Knapp 1999; Grace et al. 2002; Reed et al. 2005; Harmoney and Hickman 2004) . These grasses were introduced from Europe and Asia in the 1920s (Celarier and Harlen 1955) , because of their purported superiority to native grasses (Coyne and Bradford 1985a) . For instance, a comparison of growth of OWB versus native grasses showed that OWB produced more biomass than the native grasses and OWB seedlings were established more easily (Coyne and Bradford 1985b) . The anecdotal evidence in the 1950s suggesting OWB were potentially weedy and negatively affected biodiversity (Harlen et al. 1958 ) has been supported by recent studies on three animal taxa. Rodent communities in central Texas were found to have reduced species richness and abundance in OWB monocultures compared to habitats dominated by native grasses (Sammon and Wilkins 2005) . In a mixed-grass prairie habitat in south central Kansas, bird species richness, bird abundance and food availability (arthropod biomass) were significantly lower in OWB monocultures than in native rangeland . Importantly, OWB monocultures had lower heterogeneity of vegetation structure, as well as fewer forbs than the native rangeland sites, potentially contributing to the reduced species richness and abundance of the grassland birds.
Superior competitive ability has been suggested as an important plant mechanism by which nonnative plant species successfully invade foreign habitats (Baker 1965 (Baker 1974 D'Antonio and Vitousek 1992; Sakai et al. 2001; Vilà and Weiner 2004) . Non-native plant species might be released from constraints at their native environment (i.e., predators and pathogens) allowing individuals of a species in an alien environment to be taller, more vigorous, and produce more seeds than they would in their native environments (Crawley 1987; Blossey 1999; Willis et al. 2000; Stastny et al. 2005) . Potentially, this release could enhance the competitive ability of the non-native species and subsequently promote displacement of native species (e.g., Busch and Smith 1995) .
Studies on OWB primarily have focused on forage potential rather than invasion potential. In native pastures invaded by OWB it has been suggested that the native grass species might be selectively grazed by cattle (Bos taurus) (Berg and Sims 1984; Harmoney and Hickman 2004) , potentially allowing OWB to experience a competitive advantage over the palatable native grasses (Briske 1991; Anderson and Briske 1995) . A recent study (Reed et al. 2005) suggests that one mechanism by which OWB invades and persists in native tallgrass prairie is their ability to assimilate nitrogen (greater than native species) resulting in altered soil C:N ratios.
Our research objective was to compare the competitive ability (i.e., effect and response) of two OWB species with three warm-season, perennial native grasses. A target-neighbor design (Goldberg and Fleetwood 1987; Hartnett et al. 1993 ) was selected in order to reduce environmental variability (Freckleton and Watkinson 2000) , assess specific plant characteristics involved in competition (Tilman 1987) , and reduce the threat of escape of the non-native species (Mack 1996) . The targetneighbor experiment also allowed for the calculation of both competitive effect, the ability of one species to suppress another species, and competitive response, the capacity of a species to avoid suppression by another species (Goldberg and Fleetwood 1987; Goldberg and Landa 1991) . Specifically our objectives were (1) to determine if neighbor species type and density affected growth of the target species relative to the control, and (2) to determine if responses of the target species differed from one another in the presence of the same neighbor species. Specifically, our objectives primarily were focused on assessing the effect of the non-native Bothriochloa spp. on native warm-season grasses and to determine which of the grass species were least affected by the non-native OWB. We hypothesized that growth parameters of OWB target individuals will not be affected by the presence of native grass species, and that OWB neighbors will reduce growth parameters of native target grass species.
Methods

Experimental design
Research was conducted from May to September 2003 in a NEXUS (NEXUS Corporation, Northglenn, CO) greenhouse on the Fort Hays State University campus, Hays, KS (38°52'19''N, 99°20'23''W). Greenhouse thermostat was set at 21°C daytime temperature and 19°C nighttime temperature, however, daytime temperatures reached as high as 35°C. The shade cloth was open daily from 06:00 h to 10:00 h.
Native loam soil (62 ppm NO 3 -, 49 ppm P, 357 ppm K, and a pH of 7.6) was collected from the Fort Hays State University Farm, near Hays, KS. Soil was sieved through a fine screen (1-cm mesh) to reduce introduction of roots and other plant material into the potting media, and 3.8 l of sieved soil were placed in 4.4-l black plastic pots. In May 2003, seeds of the five warm-season grasses used in our study (Table 1) were germinated in sterile vermiculite.
Similar sized seedlings (approximately 2 cm in height) were used to initiate the study as follows: a single individual of the target species was transplanted the first week of June 2003 into the middle of the pot and neighbors were placed equidistant around the target at assigned densities (i.e., 0, 2, 4, and 8 pot -1 ). To examine effects of both interspecific and intraspecific competition, all pair-wise comparisons among the five plant species were established at all densities. Six replications of each target-neighbor combination were established for a total of 480 pots. All pots were watered daily with a stream adapter. Pots were arranged in a complete randomized design on six greenhouse benches. To maintain targetneighbor densities, seedlings that died during the first 2 weeks of the study were replaced. Pots (n = 26) were removed from the study if death of any seedling occurred 2 weeks after the beginning of the study. A total of 8 weeks into the study, all pots were fertilized with approximately 350 ml of a commercial fertilizer prepared per label instructions 20 N: 20 P: 20 K; Scotts Company, Marysville, OH) .
At the end of 16 weeks, height (cm) of the tallest vegetative tiller of each plant was measured and aboveground plant material was clipped at 1-cm height. Belowground biomass was harvested by teasing roots of the target species apart from the neighbor individuals and thoroughly washing the roots by using a screen and a fine mist of water. Both Table 1 Species descriptions of grasses used in this study (Weaver 1931; Harlen et al. 1958; Tomanek 1963 aboveground and belowground structures were placed into separate bags and placed in a drying oven (60°C) for at least 48 h and weighed to the nearest mg.
Statistical analysis
To assess competitive effect on performance of the target plant, a multiple analysis of covariance (MANCOVA) was used for each target species. To satisfy assumptions of the statistical tests, appropriate transformations (i.e., log, squared, or square root) were performed. Significant MANCOVA's were followed by a linear regression between neighbor density and target growth parameters. If the amount of variation in the dataset, according to the adjusted rsquared value, was greater than 0.30, then an analysis of variance (ANOVA) was conducted on the residuals followed by a Tukey HSD (Honestly Significant Difference) to determine where significant differences were located between types of neighbor species. If the variation explained was less than 0.30 then the covariate density was eliminated and a multiple analysis of variance (MANOVA) was performed followed by a Tukey HSD. All statistical analyses were performed by using SPSS statistical package (version 11.5.0, SPSS Incorporated, Chicago, IL). Statistical significance level used in analysis was P £ 0.05. To calculate competitive response, target aboveground biomass, when surrounded by neighbors, was divided by the mean target aboveground biomass of the control. This proportion was used to detect a significant response of aboveground biomass among all target species when grown with the same neighbor. The same procedure was used to calculate competitive response of target belowground biomass. A MANOVA was performed on target aboveground and belowground biomass for neighbors Bothriochloa bladhii and Schizachyrium scoparium. An ANOVA was performed on target aboveground biomass for neighbor Andropogon gerardii. If significance was obtained by the MANOVAs or ANOVAs, a Tukey HSD was performed to assess the significant differences among the target species. A Kruskal-Wallis test (Zar 1999 ) was used because equal variances could not be obtained for neighbors A. gerardii target belowground biomass, Bouteloua curtipendula target aboveground and belowground biomass, and Bothriochloa ischaemum target aboveground and belowground biomass followed by a non-parametric Tukey's test (Zar 1999) . As a result of multiple analyses for neighbors A. gerardii, B. curtipendula, and B. ischaemum, a Bonferroni correction (Zar 1999) was calculated using the new significance level: P £ 0.025 (0.05/2).
Results
Neighbor density in MANCOVAs for competitive effect was not significant or had a low r-squared value for all species except S. scoparium (Table 2) ; therefore, the following results are MANOVAs. The results for S. scoparium are from the Tukey HSD test. Competitive effect results are on a per target species basis, with findings only reported if the effects of neighbor species were significantly different from the control (i.e., zero density with no competition occurring). Competitive response results are on a per neighbor species basis.
Competitive Effect
Non-Native Target B. bladhii Vegetative tiller height (F 5, 85 = 8.3, P \ 0.001), aboveground biomass (F 5, 85 = 6.9, P \ 0.001), and belowground biomass (F 5, 85 = 10.0, P \ 0.001) of B. bladhii were significantly influenced by the presence of neighbors. Vegetative tiller height, aboveground biomass, and belowground biomass of B. bladhii were significantly lower (P \ 0.021) with neighbors B. bladhii, B. curtipendula, and B. ischaemum (Fig. 1a, 2a ) in comparison to the control.
Non-native target B. ischaemum
The species of the neighbor significantly influenced vegetative tiller height (F 5, 87 = 6.9, P \ 0.001), aboveground biomass (F 5, 87 = 5.6, P \ 0.001), and belowground biomass (F 5, 87 = 4.1, P = 0.002) of B. ischaemum. Vegetative tiller height and aboveground biomass of B. ischaemum were significantly lower (P \ 0.04) when in the presence of B. bladhii (Fig. 1b, 2b ). Belowground biomass of the target was not significantly different from the control compared to any of the neighbor species type.
Native target A. gerardii Significant differences were found between the species of the neighbor and vegetative tiller height (F 5, 82 = 9.0, P \ 0.001), aboveground biomass (F 5, 82 = 6.7, P \ 0.001), and belowground biomass (F 5, 82 = 4.6, P = 0.001) of A. gerardii. Vegetative tiller height and aboveground biomass of target A.
gerardii was significantly lower in the presence of all neighbor species (P \ 0.049; Fig. 1c, 2c) , whereas, belowground biomass of A. gerardii was significantly lower (P \ 0.027) with neighbor species B. bladhii, B. curtipendula, and B. ischaemum (Fig. 2c) ..
Native target S. scoparium
Vegetative tiller height of S. scoparium was significantly lower (P \ 0.022) with all neighbor species types except S. scoparium (Fig. 1d ). Aboveground Bothriochloa bladhii MANCOVA F 5, 85 = 3.6, P \ 0.001 F 1, 85 = 3.1, P = 0.030 VTH F 5, 85 = 7.7, P \ 0.001 F 1, 85 = 7.9, P = 0.006 0.100 10.5 0.003 y = 72.521 + 1.820x TAG F 5, 85 = 5.9, P \ 0.001 F 1, 85 = 3.7, P = 0.057 TBG biomass and belowground biomass of S. scoparium was significantly lower (P \ 0.013) with neighbors B. bladhii, B. curtipendula, and B. ischaemum (Fig. 2d) .
Native target B. curtipendula
The species of the neighbor did not significantly influence vegetative tiller height ( Fig. 1 a-e. Mean vegetative tiller height (cm) for target species with each neighbor species type (Control (no neighbor), Bothriochloa bladhii, Bothriochloa ischaemum, Andropogon gerardii, Schizachyrium scoparium, and Bouteloua curtipendula). Bars with the same letter are not significantly different from one another P = 0.239; Fig. 1e ) or aboveground biomass (F 5, 81 = 2.2, P = 0.058; Fig. 1e ) of B. curtipendula (target), but belowground biomass was significantly influenced (F 5, 81 = 4.2, P = 0.002). Belowground biomass of B. curtipendula was significantly lower (P \ 0.043) when the neighbor species were B. bladhii, B. curtipendula, and B. ischaemum (Fig. 1e) . Competitive response
Non-native neighbor B. bladhii Significant differences were found between target species aboveground biomass when grown with neighbor B. bladhii (F 4, 80 = 6.4, P \ 0.001). B. bladhii significantly lowered (P \ 0.004) aboveground biomass of S. scoparium compared with targets A. gerardii, B. bladhii, B. curtipendula, and B. ischaemum (Table 3 ). Significant differences were found between target species belowground biomass when grown with neighbor B. bladhii (F 4, 80 = 6.2, P \ 0.001). Belowground biomass of target S. scoparium was significantly lower (P \ 0.021) compared with targets A. gerardii, B. curtipendula, and B. ischaemum (Table 3) .
Non-native neighbor B. ischaemum Significant differences were found between target species aboveground biomass when grown with neighbor B. ischaemum (H 4, 81 = 30.0, P \ 0.001). B. ischaemum significantly reduced (P \ 0.05) aboveground biomass of S. scoparium in comparison with targets B. bladhii, A. gerardii, B. curtipendula, and B. ischaemum (Table 3 ). Significant differences were found between target species belowground biomass when grown with neighbor B. ischaemum (H 4, 81 = 30.2, P \ 0.001. Belowground biomass of S. scoparium was significantly lower (P \ 0.05) compared with all other target species (Table 3) except B. bladhii.
Native neighbor A. gerardii Significant differences were found between target species aboveground biomass when grown with neighbor A. gerardii (F 4, 76 = 6.732, P \ 0.001).
Aboveground biomass for target S. scoparium was significantly lower (P \ 0.006) compared with all other target species (Table 3 ). Significant differences were found between target species belowground biomass when grown with neighbor A. gerardii (H 4, 76 = 16.922, P = 0.005). Belowground biomass of target S. scoparium was significantly lower (P \ 0.05) compared with target species B. bladhii, B. curtipendula, and B. ischaemum (Table 3) . Native neighbor S. scoparium Significant differences were found between target species aboveground biomass when grown with neighbor S. scoparium (F 4, 80 = 15.5, P \ 0.001). S. scoparium significantly reduced (P \ 0.001) aboveground biomass of target S. scoparium compared with all other target species. Neighbor S. scoparium significantly increased (P \ 0.05) aboveground biomass of target B. ischaemum compared with targets A. gerardii, B. bladhii, S. scoparium, and B. curtipendula (Table 3 ). Significant differences were found between target species belowground biomass when grown with neighbor S. scoparium (F 4, 80 = 12.6, P \ 0.001). In the presence of neighbor S. scoparium, belowground biomass of target B. ischaemum was significantly greater (P \ 0.008) than targets B. bladhii, S. scoparium, and B. curtipendula grown with S. scoparium. Neighbor S. scoparium significantly increased (P \ 0.008) belowground biomass of targets B. curtipendula and B. bladhii compared with target S. scoparium. Neighbor S. scoparium significantly lowered (P \ 0.008) belowground biomass of target S. scoparium compared with all other target species (Table 3) .
Native neighbor B. curtipendula
Significant differences were found between target species aboveground biomass when grown with neighbor B. curtipendula (H 4, 81 = 32.5, P \ 0.001). B. curtipendula significantly lowered (P \ 0.05) aboveground biomass of S. scoparium compared with targets B. bladhii, B. curtipendula, and B. ischaemum. Aboveground biomass of target A. gerardii was significantly lower (P \ 0.05) compared with B. curtipendula (Table 3 ). Significant differences were found between target species belowground biomass when grown with neighbor B. curtipendula (H 4, 81 = 26.3, P \ 0.001). Belowground biomass of S. scoparium was significantly lower (P \ 0.05) compared with B. curtipendula and B. ischaemum (Table 3) .
Discussion
Several researchers have suggested invasive plant species are competitively superior to native species (Baker 1965 (Baker , 1974 Newsome and Noble 1986; D'Antonio and Mahall 1991; D'Antonio and Vitousek 1992; Blossey and Nötzold 1995; Lonsdale 1999; Gould and Gorchov 2000; Sakai et al. 2001; Vilà and Weiner 2004) , resulting in competitive exclusion of the native species. In general, the presence of Old World bluestems (OWB) resulted in reduced growth of each of the three native grasses studied. These findings provide further information to the compilation of studies reviewed by Vilà and Weiner (2004) in regards to potential superior competitive ability of non-native plant species.
We found the non-native B. bladhii and B. ischaemum to competitively inhibit most growth parameters of all native grass species included in our study. B. bladhii reduced vegetative tiller height of S. scoparium and A. gerardii by as much as 47% and 53%, respectively. The belowground biomass of target B. curtipendula was significantly lower in the presence of B. bladhii, but aboveground growth was not affected. B. bladhii showed strong intraspecific competition.
B. ischaemum, as the neighbor, significantly reduced all growth parameters of the natives, A. gerardii and S. scoparium. Belowground biomass of B. curtipendula also was reduced. These results suggest that B. ischaemum is a superior competitor when grown in close proximity to the native grass species studied. Unlike B. bladhii, B. ischaemum did not show significant intraspecific competition. Thus, we hypothesize B. ischaemum was able to compete more successfully in our study with the native grass species than B. bladhii because of reduced intraspecific competition (Connell 1983) .
Results of our study also indicate that most of the native species did not competitively inhibit growth of either OWB species. A. gerardii and S. scoparium showed no competitive effect on OWB. In contrast, B. curtipendula, as the neighbor, was a significant competitor given that all growth parameters of the target species B. bladhii, A. gerardii, and S. scoparium were significantly reduced. Based on these results, we hypothesize that in native grasslands dominated by B. curtipendula, the competitive ability of B. curtipendula prevents establishment and spread of B. bladhii. Evidence supporting this hypothesis was reported in a field study in north-central Texas in which B. bladhii, B. ischaemum, B. curtipendula, and 22 other grass species were seeded in large Plant Ecol (2008) 197:69-80 77 monoculture plots (Eck and Sims 1984) . After 36 years, the two OWB species had invaded all other species plots, but invasion was much lower in plots seeded with B. curtipendula, especially compared to plots seeded with S. scoparium. B. curtipendula was also one of the only three species that was present in the OWB seeded plots. However, in our study B. ischaemum was not inhibited by B. curtipendula and therefore, we hypothesize it poses a threat in native habitats dominated by B. curtipendula. B. bladhii and B. ischaemum were successful belowground competitors because both inhibited root production of all native species included in our study. Other pot studies have found that competition for water and nutrients (i.e., belowground competition) were of greater significance than aboveground competition (Eagles 1972; Weiner 1986 Weiner , 1990 potentially because of limited space.
Competitive response is the ability of a plant species to prevent inhibition of growth parameters when a competitor is present (Goldberg and Fleetwood 1987; Goldberg and Landa 1991) . S. scoparium consistently had a significantly lower competitive response to each of the neighbor species compared with all other target species, suggesting that this native grass species would be greatly affected by the presence of an OWB than the other native species studied. The field study conducted by Eck and Sims (1984) also showed that S. scoparium was highly susceptible to invasion by OWB. Large plots of S. scoparium were invaded by both B. bladhii and B. ischaemum in north-central Texas, but B. bladhii had the greatest invasion into S. scoparium plots.
B. ischaemum was the only target species to respond positively to a neighbor species, S. scoparium. The positive response of B. ischaemum was not predicted by our original hypotheses. Aboveground and belowground biomass of B. ischaemum was increased by 18%-22%, when grown with S. scoparium. Tremmel and Bazzaz (1993) conducted a target-neighbor study and proposed that the target plant would have to exhibit morphological and physiological plasticity that would allow it to compensate for resource acquisition by neighboring plants. Neighbor S. scoparium promoted the growth of B. ischaemum, which might be because of aboveground and belowground morphologic plasticity shown by B. ischaemum that provided it with the ability to overcome the effects of the S. scoparium neighbor on resource acquisition. Successful invasion of a plant species into an area is partially dependent on competition with individual plants already present in the habitat (Turner 1985; Tilman 1997; Berlow 1997; D'Antonio et al. 2001) . Thus, these results suggest that B. ischaemum would be a successful invader of S. scoparium dominated grasslands.
Competitive interactions for all species, except S. scoparium, in our study were not influenced by neighbor density, although higher neighbor densities might show shifts in competitive responses. Our findings support previous researchers who have found that competition occurs independent of density because of the abilities of surrounding individual plants to perform certain functions (e.g., root exudates, preemption of nutrients, and shift red:far red light) which might facilitate or inhibit growth or reproduction of other plants (Mack and Harper 1977; Fowler 1982; Weiner 1982; Silander and Pacala 1985) .
The results of our study suggest that non-native OWB are competitively superior to the three native grasses, supporting anecdotal evidence of OWB invasions into native grasslands of the Central and Southern Great Plains. In addition, OWB possess characteristics found in other known invasive species (Baker 1965 (Baker , 1974 Newsome and Noble 1986; D'Antonio and Vitousek 1992; Blossey and Nötzold 1995; Lonsdale 1999; Sakai et al. 2001) including: (1) smaller seed size than native plant species (Coyne and Bradford 1985b) ; (2) plastic morphological traits that allow adjustment to water and nitrogen deficiencies (Coyne and Bradford 1985a; Szente et al. 1996; Reed et al. 2005) ; (3) rapid growth to reach sexual maturity before native grass species (Harmoney and Hickman 2004) ; and (4) readily breaking off at the lower node (Schmidt and Hickman 2006) . We propose that these characteristics provide OWB with the competitive ability to pose a significant invasive threat to the native grasslands of the Central and Southern Great Plains.
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